Two main Cambrian-Silurian high-to over-mature hydrocarbon source rocks occur in the Middle and Upper Yangtze region: the Lower Cambrian Niutitang Formation (mostly shale), and the Lower Silurian Longmaxi and Upper Ordovician Wufeng formations (mostly graptolite shale). Due to several complicated tectonic events occurred in the study area, the source rocks experienced inhomogeneous uplift, deformation, and burial, resulting in discontinuous and episodic hydrocarbon generation evolution. Based on a detailed study of the tectonic burial history and an analysis of the current degree of thermal evolution of the source rocks, this paper studied the burial history, the thermal history, and the hydrocarbon-generation history of the CambrianSilurian source rocks. It used basin modeling technology and thermal simulation tests on source rocks to reveal the process and the regional regularity of the hydrocarbon-generation evolution, and to expound the tectonic phases and the time-spatial distribution of hydrocarbon generation. It shows that the region from western Hubei to eastern Chongqing is the major source area of Lower Cambrian rocks, and the region from southeastern Sichuan to central Guizhou is the major source area of Lower Silurian rocks. Reconstruction of hydrocarbon-generation history allows simulated estimation of the remaining hydrocarbon-generation potential of the high-over mature marine source rocks.
INTRODUCTION
Cambrian-Silurian marine source rocks in south China are in a high-to over-mature stage. When the organic matter enters the later period of the catagenesis stage (R o = 1.3%~2.0%), the majority of C-C chains in macromolecular hydrocarbons break, liquid hydrocarbons are reduced and, but low molecular alkanes increase rapidly, especially methane and its gaseous homologues. At this point, sediments enter the high-mature stage. As burial depth continues to increase, the sediments enter the metagenesis stage (R o > 2.0%). This stage is characterized by high temperature and high pressure where liquid hydrocarbons and heavy gaseous hydrocarbons experience intense pyrolysis and turn into the most stable methane. The organic matter then enters the over-mature stage. Dry methane gas, carbon bituminous or sub-graphite will appear as the final products of the metamorphism of organic matter.
In China, high-to over-mature marine source rocks are widely distributed, such as the Sichuan Basin, the Ordos Basin and the Tarim Basin. In particular, thick Paleozoic marine source rocks in southern China are characterized by a high hydrocarbon content. Commercial petroleum resources have already been discovered and the area is a promising target for hydrocarbon exploration (Wang, 2000; Jin, 2005; Yuan et al., 2005; Xiao et al., 2006; Ma et al., 2007; Chen et al., 2007; Zhu et al., 2007) . Together with the discovery of the Weiyuan Sinian gas field and the Ziyang Sinian gas-bearing district, and from analysis of some bituminous minerals and the ancient reservoirs in Majiang, Jinsha etc., there is an urgent need to obtain a better understanding of the Paleozoic marine source rocks in South China. Preserved oil and gas reservoirs can be found by selecting a key study area, analyzing the geology of different source rocks and structural-and thermalevolution history of organic matter, clarifying the hydrocarbon-generation history of the effective hydrocarbon source rocks, inferring the main hydrocarbon kitchen, and determining the time-spatial distribution of hydrocarbon generation and expulsion, as well as their contributions to the reservoir.
The study areas of this paper are the southeastern Sichuan-central Guizhou and western Hubei-eastern Chongqing regions of the middle and upper Yangtze area. The area is divided into seven blocks: eastern Sichuan, northern Guizhou-southern Sichuan, central Guizhou, southeastern Guizhou, southern Guizhou, western Hubei-eastern Chongqing, and northwestern Hunan. Based on analysis of the distribution of a Cambrian-Silurian source rocks, regional structural-subsidence phases, and thermal evolution characteristics of the source rocks, this paper discusses hydrocarbon-generation evolution during the Caledonian (Cambrian-Silurian), Hercynian-Indosinian (Permian-Triassic) and Yanshanian (Jurassic-Cretaceous) periods of tectonism . We also simulate an inversion of the maturation and evolution history of the source rocks using BasinMod software in order to demonstrate the evolutionary process of hydrocarbon generation.
ANALYSIS ON HYDROCARBON GENERATION EVOLUTION OF THE CAMBRIAN-SILURIAN SOURCE ROCKS

Distribution and organic geochemistry characteristics of Cambrian-Silurian source rocks
Due to the constraints of the dominative factors such as the regional tectonics, paleoclimate and the eustatic sea level change and so on, the sedimentary environments in favor of the formation of hydrocarbon source rocks were formed. Early Cambrian, the sedimentary environment of the middle and upper Yangtze region mainly appeared as the neritic environment, the substance Phosphorus brought by the ascending currents and stably distributed black shale were all deposited, the stratum of the Niutitang Formation was the representative. From Middle Late Ordovician to Early Silurian, the sedimentary environment of the back-bulge basin was the limited neritic environment, where formed the hydrocarbon source rocks, which were represented by the black shale of the Late Ordovician's Wufeng Formation and the Early Silurian's Longmaxi Formation (Feng et al., 2000; Chen, 2003; Ran et al., 2005; Liu, 2005; Tenger et al., 2006; Yang et al., 2008; Mu et al., 2011) .
Therefore, there are two main sets of hydrocarbon source rocks in the study area: black shale of the Lower Cambrian Niutitang Formation, and the black shale mainly from the Silurian Longmaxi Formation together with the Lower Ordovician Wufeng Formation. Sedimentary thickness generally decreases from south to north, from over 500 m in the western Hubei-eastern Chongqing region, and over 400 m in the central Guizhou region and the Sichuan Basin. The thickness of the Wufeng Formation graptolite-bearing source rocks is often less than 20 m, but they extend throughout most of the region. However, the thickness of the Longmaxi Formation source rocks is much thicker, especially in Southern Sichuan and Eastern Sichuan, where they are more than 600m thick, forming two enriched source rock centers.
Rock-Eval and TOC data are summarized in Table 1 . The TOC content of the Lower Cambrian black shale samples is in the range 0.51-10.18 wt %, averaging 3.53. Rock-Eval S 1 and S 2 are 0.03-0.1 and 0.01-0.02 mg HC/g rock, respectively. T max values vary from 542 to 572ЊC (average 559ЊC) indicating a very high thermally immature stage. The Silurian Longmaxi shale samples have TOC contents ranging from 0.44 to 4.05 wt.%, averaging 1.21%, which is lower than the value of Lower Cambrian black shale. S 1 and S 2 are 0.02-0.11 and 0.01-0.04 mg HC/g rock, respectively, close to black shale. All of these parameters indicate that the maturity of Cambrian-Silurian source rocks is very high, with low potential for hydrocarbon generating.
Tectonic burial history of the Cambrian-Silurian source rocks
The Cambrian-Silurian strata in the study area have essentially undergone three cycles of burial and uplift; namely, the Caledonian, Hercynian-Indosinian, and Yanshanian.
In China, the main episode of the Caledonian movement is known as the Guangxi movement. This event occurred at the end of the Silurian, resulting in the demise of the South China Basin and the formation of the "south-type" fold belt. It also formed the Jiangnan Uplift, the Central Guizhou Uplift, and the Leshan-Longnvsi Uplift (Zhou & Yang, 2009; Wang et al., 2010) . At this time, Cambrian-Silurian strata experienced burial, and the average sedimentary thickness of Sinian rocks is about 1000m. The thickness of the depocenter, located in the southeastern Guizhou block, is up to 3565 m. The Cambrian strata are well developed and widely distributed, with an average thickness of about 1400m. Ordovician sediments are well developed in Eastern Sichuan and Northern Guizhou-Southern Sichuan, but have been subjected to varying degrees of erosion during Caledoniandeformation , and have an average thickness of about 560m. Upper Silurian rocks have been completely eroded throughout the region, and Middle Silurian sediments are partly eroded, whereas in central Guizhou, the whole Silurian sequence has been completely eroded. As a result , 1992) . During the Hercynian-Indosinian Period, both the tectonic framework and the tectonic nature had changed dramatically in South China, essentially ending the marine sedimentary environment (Zhu et al., 1998; Dong et al., 2010) . Uplift and varying amounts of erosion resulted in a maximum denudation thickness in southeastern Guizhou of about 1150m (Fig. 1) .
With the onset of Pacific plate subduction in the Yanshanian, the tectonic evolution and tectonic framework in southern China resulted in the development of transpressional sinistral faulting that was associated with regional uplift and erosion, especially in southeastern Guizhou. The denudation thickness of the CambrianSilurian hydrocarbon source rocks ranges from a maximum of 2700 m to a minimum of about 1560 m (Fig. 1 ).
Hydrocarbon-generation history of the Cambrian-Silurian source rocks
Hydrocarbon generation, transformation, and accumulation are closely related to paleo-geothermal conditions. Under the control of regional tectonic processes and the magmatic activities, the Cambrian-Silurian source rocks in the South China experienced various stages of geothermal evolution (Wang et al., 1995; Hu et al., 2001; Yuan et al., 2005 Yuan et al., , 2006 , causing a complex heating process of the hydrocarbon generation materials.
Present degree of thermal evolution of organic matter
Vitrinite reflectance is recognized as an independent index for determining the mature stage of organic matter, However, the Cambrian-Silurian source rocks of southern China lack vitrinite. After nearly thirty years' study on organic petrology, an alternative method has been found, namely converting the reflectivity of other kinds of organic compounds to vitrinite reflectance values by phase contrast calculation, which can be called the equivalent vitrinite reflectance (R equ ). This paper attempts to convert the reflectance of carbonaceous asphalt (Jacob, 1985; Feng and Chen, 1988; Sun et al., 2009) , graptolite skin (shell) layers (Goodarzi, 1985; Goodarzi & Norford, 1989; Bertrand, 1990; Qi and Zhu, 2000) , and sapropelic groundmass rocks contained in the Cambrian-Silurian strata into R equ . We take the method of the last one as an example. Figure 2 and Figure 3 show typical macerals and minerals identified in the Cambrian and Silurian source rocks respectively. It can be seen that the sapropelic groundmass is widely distributed in Cambrian-Silurian source rocks. The reflectivity of sapropelic groundmass can be measured by conventional method which is used in measuring the vitrinite reflectance. According to analysis and comparison, measured sapropelic groundmass reflectivity (R s ) is converted to marine vitrinite reflectance (R mv ), which is then converted to the equivalent vitrinite reflectance (R equ ). The results are close to the measured vitrinite reflectance of nearby coal.
Hydrocarbon-generation in Cambrian-Silurian high-to over-mature source rocks, middle and upper Yangtze region, China
The R mv and R equ are expressed by (Wang et al., 1990) R mv = 2.092R s − 1.079 (1) As shown in Figure 4a , both the average and maximum of the R equ of the Lower Cambrian source rocks in the western Hubei-eastern Sichuan region are higher than those in the southern Sichuan-central Guizhou region. The difference between individual profiles and the samples in the western Hubei-eastern Sichuan area is also obvious. The R equ values range 4.0% in Shizhu, but are less than 2.5% in Zhenyuan. This difference indicates that the maturity of this area varies significantly. This is likely due to the paleo-geothermal gradient being higher in the western Hubei-eastern Sichuan region (Wang et al., 1990) . In contrast, the maturity of the Lower Silurian source rocks changes little in the whole area, around 2.5% (Fig. 4b) . Overall, the maturity of the organic matter in the Cambrian-Silurian is generally in high-or overmature stage throughout the study area. The eastern Sichuan-western Hubei region is the center for a high-evolutionary stage, and the R equ of the Cambrian source rocks reaches more than 4.0%, while the Silurian source rocks reach more than 3.0%.
Characteristics of hydrocarbon generation
Simulation of hydrocarbon generation history in the Cambrian-Silurian source rocks has been performed by using BasinMod-1D. Formation classification and thickness data are sourced from drilling and regional geology records. Based on the results of previous studies and the regional thermal history, the geothermal gradient is considered to have decreased from 3.88°C/100m in the Cambrian to 1.67ЊC/100 m at present (Wang et al., 1995; Hu et al., 2001; Yuan et al., 2005 Yuan et al., , 2006 Chen et al., 2011) . The organic maturity is calculated using the LLNL kinetic model. The simulation is restricted by R equ and the fluid inclusion homogenization temperature data so as to match the reconstructed strata burial history and thermal evolution history of organic matter.
As shown in Figure 1 , the Cambrian-Silurian source rocks have experienced various stages of geothermal evolution; the heating processes are complex, showing a zigzag trend, which can be equated to the three major periods of tectonism. Caledonian Except for those in the central Guizhou region, Lower Cambrian source rocks in the study area were in a high-or over-mature stage during the Caledonian event, and mainly generate dry gas, corresponding to a paleotemperature of 160 -190°C. The maturity of source rocks in the south (southern Guizhou and southeastern Guizhou) was significantly higher than those in the north, due to greater depth of burial. The Caledonianorogeny resulted in uplift and erosion of the Lower Silurian sequence, but the low rate of uplift rate allowed the uninterrupted continuation of the thermal evolution of organic matter. The Caledonian, however, had a great influence in central Guizhou, where Caledonian tectonism was most intense, Ordovician and Silurian strata were completely eroded, and Lower Cambrian source rocks were still in the main oilgenerating period and had not entered the late mature stage until the Late Triassic. At this time, most of the Lower Silurian source rocks had not reached the oil generation threshold, and the paleotemperature was inferred to have been between 50ЊC and 60ЊC. Because of the great thickness of overlying strata, northwestern Hunan and western Hubei-eastern Chongqing regions were in a transitional phase from early to middle maturation stage, corresponding to a paleotemperature of about 100°C.
Hercynian-Indosinian During the Hercynian-Indosinian Period, Lower Cambrian source rocks in the whole region were in the stage of high-to over-maturation, and featured by generating dry gas or losing the ability of hydrocarbon generation. At this time, the paleotemperature was about 230ЊC in the south, 180ЊC in the northwest, and 170ЊC in central Guizhou. As denudation resulting from Hercynian-Indosinian deformation over the whole region was insignificant, the evolutionary process of hydrocarbon-generation was unaffected. In the north, Lower Silurian source rocks were at the early-mid stage of maturation, and in the mid-later phase in the south.
Yanshanian
Hydrocarbon-generation in the Lower Cambrian source rocks ended in the Yanshanian event when the palaeotemperature is estimated to have been 230-250°C. Only Lower Cambrian source rocks in central Guizhou still had gas-generating potential in the early to mid-Yanshanian due to the sequence of tectonic movements that affected this area.Initially, the amount of uplift was significant so that surface temperatures markedly decreased.This in turn retarded hydrocarbon evolution in the source rocks and halted the generation of hydrocarbon. Lower Silurian source rocks were at the dry gas generation stage during the Yanshanian period, and hydrocarbon generation ceased because of the strong uplift.
In general, the evolution of the Cambrian-Silurian source rocks was mainly affected by the burial depth during the periods of the Cambrian-Silurian, the Permian-Triassic, and the Jurassic-Cretaceous. Interruption of hydrocarbon evolution in the source rocks occurred during the Devonian-Carboniferous, TriassicJurassic, and the Mid-Cretaceous; in particular, the rate of uplift and erosion during the three tectonic events retarded the process of hydrocarbon evolution in the source rocks. There is also south-north zonation and uplift-depression partition of the spatial distribution of the source rocks, the south (southern and southeast Guizhou blocks) entered the oil window and fanlight stage which were significantly earlier than the north. The hydrocarbon generation ability of the Cambrian source rocks were exhausted in the Early Hercynian-Indosinian period, following that of the Silurian source rocks, in the Mid-Indosinian period. In the broad middle and northern regions (eastern Sichuan, northern Guizhou-southern Sichuan), the Cambrian source rocks lost their hydrocarbon generation ability in the Early-Mid Yanshanian period, while the Silurian source rocks were at the peak of gas generation at this time, but then stopped because of the uplift. The Cambrian source rocks in the western Hubeieastern Sichuan and northwestern Hunan blocks lost their ability of hydrocarbon generation in the Hercynian-Indosinian period. It should be noted that when the Silurian source rocks just began to generate gas in the Mid-Yanshanian, the process then stopped because of the uplift, preserving a possibility for secondary hydrocarbon generation.
Hydrocarbon generation and expulsion periods of Cambrian-Silurian hydrocarbon source rocks
(1) The eastern Sichuan block As shown in Figure. 5a, Lower Cambrian source rocks in eastern Sichuan have two periods of hydrocarbon generation and expulsion, which corresponded to the late period of Late Silurian and the early period of Late Triassic, respectively. In Lower Silurian hydrocarbon source rocks hydrocarbon generation and expulsion occurred in the late period of Middle Jurassic.
(2) The western Hubei-eastern Chongqing block The main hydrocarbon generation and expulsion periods of the lower Cambrian hydrocarbon source rocks in this block are in the Middle Silurian. Late Silurian source rocks in this area indicate two periods of hydrocarbon generation and expulsion, corresponding to the late period of Early Permian and Early Cretaceous, respectively (Fig. 5b) .
(3) The northern Guizhou-southern Sichuan block Lower Cambrian source rocks in this region had two periods of hydrocarbon generation and expulsion, corresponding to the middle period of Early Ordovician and the early period of Late Jurassic, respectively. Two main hydrocarbon generation and expulsion periods of the Lower Silurian hydrocarbon source rocks occurred in the late period of Late Jurassic-the early period of Early Cretaceous and the late period of Middle Cretaceous, respectively (Fig. 5c) .
(4) The southeastern Guizhou block The main hydrocarbon generation period of the Lower Cambrian source rocks in southeastern Guizhou occurred in the late period of Late Ordovician. The hydrocarbon generation period of the Lower Silurian source rock is in the early period of Late Triassic (Fig. 5d) .
(5) The southern Guizhou block The two main hydrocarbon generation and expulsion periods of the lower Cambrian source rocks in this district occurred in middle period of Early Ordovician and the early period of Late Triassic, respectively. The main hydrocarbon generation and expulsion period of the Lower Silurian source rocks is in the middle period of Late Triassic (Fig. 5e ).
(6) The central Guizhou block Lower Cambrian source rocks indicate three periods of hydrocarbon generation and expulsion, which are corresponding to the late period of Early Devonian, the early period of Late Triassic and the late period of Late Jurassic, respectively (Fig. 5f ). (Fig. 5g) .
The simulation results show that there are essentially three periods of hydrocarbon generation and expulsion, during the Mid-Late periods of the Caledonian, the Early-Mid periods of the Hercynian-Indosinian and Yanshanian tectonic events (Fig. 6) , and detailed periods of oil and gas generation and hydrocarbon expulsion phases are list in Table 2 .
SIMULATION AND COMPARISON OF THE HYDROCARBON GENERATION EVOLUTION EXPERIMENTS
Research in petroleum geology and exploration practices is no longer satisfied with an understanding of the overall thermal evolution track of various types of organic matter. With the development of petroleum geochemistry, pyrolytic simulations have become an important focus on petroleum research. This field is primarily based on the hydrocarbon formation theory of kerogen thermal degradation and on the experiment theory of the time-temperature compensation principle. Many thermal simulation studies on source rocks and the thermal evolution of organic matter have been made in recent years, including researches on the hydrocarbon formation theory of kerogen (Lewan, 1997; Shuai et al., 2008; Guo et al., 2008; Sun et al., 2006 Sun et al., , 2010 Qin et al., 2010) , characteristics of hydrocarbon products under hydropyrolysis simulation (Gao et al., 2004; Tao et al., 2009) , and algae and heavy oil thermal simulation (Liu, 2008; Meng et al., 2008; Qin et al., 2008) . In this study, we chose the low-mature oil shale (type I) from the southern Junggar region, China, and used the experimental sample, any organic matter it contained was mainly derived from algae (Table 3) , which was similar to the source rocks in the study area. Two series of experiments were conducted. The first was anhydrous under varying temperatures (200ЊC, 300ЊC, 400ЊC, 500ЊC, 560ЊC ). The second used 10 ml of water under varying temperatures (200ЊC, 300ЊC, 400ЊC, 500ЊC, 560ЊC ). The solid samples were prepared as particles 1-3 mm, 100g. The experiments were designed to analyze geological and geochemical conditions during source rock evolution, to reconstruct the process of hydrocarbon generation, and then discussed the hydrocarbon-generation potential of source rocks which were at different stages of evolution. Finally, a comparative analysis on the remaining production potential of the high-to over-mature Cambrian-Silurian marine source rocks of the study area was performed.
RESULTS AND DISCUSSION
History of hydrocarbon generation
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In another series experiments, the oil yield increased significantly at temperature 200ЊC, and reached a peak of 314.6 mg HC/g TOC at temperature 300ЊC, which was much higher than the first series. Then the oil yield decreased, but the gas yield increased quickly. The presence of water promoted the exchange of energy and substance during the process of hydrocarbon generation. The law of hydrocarbon generation was similar to that in the water-absent experiments, but the oil and gas yield increased at different degrees at each temperature point (Table 4 , Fig. 8 ).
Efficiency of hydrocarbon generation
The potential yield of source rocks decays gradually with the proceeding of hydrocarbon generation. The hydrocarbon generating quantity and efficiency at different stages can be expressed according to the pyrolysis residue:
where G 1 is the hydrocarbon generation efficiency. PY sample and PY residue denote the potential yield of original samples and of samples after pyrolysis, respectively. As can be seen in Table 5 , in the water-absent experiments, at a simulation temperature of 300-400ЊC, the pyrolysis process was equivalent to oil → condensate → moisture stage, and the hydrocarbon generation efficiency was 70%. At the dry gas stage (400ЊC), the efficiency was about 96%; at very high temperature stage (over 500ЊC), the value was more than 98%.
In the water-present experiments, the efficiency at the low-temperature stage (300-400ЊC) was inhibited because of the existence of steam, and at the dry gas stage the efficiency was similar to that of the former series. It can be noticed that the hydrocarbon generation efficiency increases slowly at the dry gas generation stage, indicating that the main gaseous hydrocarbons were formed by pyrolysis of heavy hydrocarbon rather than by kerogen of high-or over-mature evolution. When the pyrolysis temperature was over 400ЊC, the potential yield decreased to 16.86 mg HC /g TOC (without water) and to 26.05 mg HC /g TOC (with water), and the remaining hydrocarbon generation efficiency was about 5%.
Discussion of experimental results
Simulation of hydrocarbon generation and expulsion elucidates material composition, and phase transformation of source rocks. It material composition, and the hydrocarbon generation and distribution characteristics of high-to over-mature marine source rocks under various geological and geochemical conditions. As shown in the thermal simulation results, high-to over-mature source rocks have experienced the evolutionary phases of condensate, moisture, and dry gas, respectively; hydrocarbon generation efficiency increases slowly at high temperature, indicating that some generated hydrocarbons have cracked into gas, and the potential yield of the kerogen was gradually reduced. The results also have enlightening significance in transforming the asphalt which is widely distributed in strata in the study area into gaseous hydrocarbons. According to the hydrocarbon generation efficiency of contrastive samples, the Cambrian-Silurian source rocks of the middle and upper Yangtze area can still have the potential of about 5% for hydrocarbon generation after they enter the dry gas stage.
CONCLUSIONS
(1) The high evolution stage of the source rocks plus the strong effects of multi-phase tectonic movements has determined that gas exploration should be taken as the main target in South China. (2) Cambrian-Silurian hydrocarbon source rocks have experienced various stages of thermal evolution. Under the influence of the Caledonian, the HercynianIndosinian, and the Yanshanian tectonic movements, the heating process is complex, and the Cambrian-Silurian source rocks have undergone multi-stage hydrocarbon generation and expulsion. (3) Selection of exploration targets must consider a variety of factors, such as the scale of the hydrocarbon source and the process of hydrocarbon generation evolution. Source rocks in the western Hubei-eastern Chongqing, northwestern Hunan, and central Guizhou blocks are optimal targets because all the source rocks have entered the threshold of hydrocarbon generation, and their potential yield is not yet exhausted. Combining with the sedimentary thickness of source rocks in each block, the region from western Hubei to eastern Chongqing is considered as the major source area of Lower Cambrian, and the region from southeastern Sichuan to central Guizhou is the major source area of Lower Silurian. Secondary or regenerated gas reservoirs are the important exploration targets in the study area. (4) The simulation experiments indicated that the evolution from condensate to dry gas of type I kerogen occurred over a narrow temperature range (300-400ЊC).
After entering the dry gas generation stage, the main gaseous hydrocarbons were formed by pyrolysis of heavy hydrocarbon. The current evolution stage of the Cambrian-Silurian marine mature source rocks in the Middle and Upper Yangtze region corresponds to the stage of pyrolysis temperature over 400ЊC, and that the remaining hydrocarbon generation potential is about 5%.
